). Thus, Cor-Ru(II) appears to act as an effective antitumor agent in vitro.
Introduction
Recently, there has been an increasing focus on research into ruthenium (Ru) complexes as potential antitumor agents in the field of inorganic drugs, in China and abroad. It is hypothesized that Ru complexes have a low toxicity and are easily absorbed, as well as possessing the greatest potential antitumor activities of the non-platinum metallic compounds (1-3). Sava et al (4) found that cis and trans Ru(II)Cl 2 (DMSO) 4 exhibited antineoplastic activity in a number of metastatic tumors in mice. Keppler et al (5) investigated the antitumor activity of the Ru(III) complex, ImH[trans-RuCl 4 (Im) 4 ], also termed ICR, where Im stands for imidazole. They found that the antitumor activity of this complex was greater than that of cisplatin, whilst its toxicity was lower. The activity of the trans-complex was shown to be higher than that of the cis-complex (5) . Furthermore, in 2002 the Ru complex with equivalent quantities of ascorbic acid, glutathione or cysteine prior to administration to mice bearing advanced MCa mammary carcinoma was more active than NAMI-A alone in vivo (6) . In addition, Hotze et al (7) designed and prepared cyclopentadienyl ruthenium, which exhibited a clear inhibitory effect in certain tumor cells. The DNA recognition mechanism of Ru complexes has also been extensively researched by Zhang et al (8) and Zou et al (9) . These groups found that the structure of Ru complexes, in particular the planar properties of the ligands, the electronic effect of substitute groups, the intramolecular hydrogen bond and the hydrophobicity of ancillary ligands, may influence the interaction mode and the affinity of Ru complexes to DNA molecules, thus interfering with the DNA double helix structure to varying degrees in order to inhibit the growth of tumor cells.
A number of studies have found that certain compounds have a higher bioactivity when in a complex with metals than they do in their natural state. For example, the anti-inflammatory and anti-allergenic effects of metallic complexes of baicalin are greater than those of baicalin alone (10,11). Chen et al (12) used 3'deoxyadenosine cordycepin as a ligand in order to synthesize a series of molybdenum and copper complexes with increased bioactivity.
3'-deoxyadenosine is also termed cordycepin. It has a molecular formula of C 10 H 13 N 5 O 3 , a molecule weight of 251 g/mol and a melting point of 230-231˚C. It is soluble in water, hot ethanol and methanol, but insoluble in benzene, diethyl ether and chloroform. Studies have found that 3'-deoxyadenosine influences the synthesis of RNA and DNA, thus preventing cancer cells from dividing (6) . Cordycepin exhibited a clear inhibitory effect in Ehrlich ascites carcinoma cells (EAC) and human squamous cell carcinoma, and it can increase the survival time of mice with EAC (13) . In 2007, 3'-deoxyadenosine was approved for the treatment of acute lymphoblastic leukemia by the food and drug administration (14) . As an inhibitor of adenosine deaminase, studies have found that cordycepin exhibited higher toxicity in leukemia cells that were terminal deoxylnucleotidyl positive (TdT   +   ) Apoptosis of Bel-7402 human hepatoma cells induced by a ruthenium(II) complex coordinated by cordycepin through the p53 pathway rather than negative (TdT -) in vivo (15) . Cordycepin has also been shown to regulate certain human endocrine processes and to enhance immune function, as well as to possess antibacterial, anti-inflammatory, antioxidant and anticancer properties (14) . The current study used RuCl 3 (Fig. 1 ). This is a red-brown powder, which is soluble in water, methanol, ethanol, dimethyl sulfoxide (DMSO), diethyl ether and chloroform.
This study aimed to investigate the effect of the ruthenium(II) complex coordinated by cordycepin [Cor-Ru(II)] on DNA synthesis, cell apoptosis and the expression of p53 and bcl-2 in Bel-7402 human hepatoma cells. This was conducted with the objective of contributing to the development of novel chemotherapeutic agents.
Materials and methods

Reagents.
[Ru(bpy) 2 Cell culture. The Bel-7402 human hepatocellular carcinoma (HCC) cell line was obtained from the Cancer Research Institute of Sun Yat-sen University (Guangzhou, China). Bel-7402 cells were placed in RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco Life Technologies) in a humidified atmosphere of 5% CO 2 and 95% air at 37˚C. The medium was replaced twice per week. Once cells became confluent, subculture was conducted using trypsinization. Cells at passage numbers 3-6 were used for subsequent experiments.
Cell proliferation assay and cell cycle assay. Human Bel-7402 hepatoma cells were counted and seeded into 96-well culture plates at a density of 2x10 4 cells/well. Following incubation with various concentrations of Cor-Ru(II) (0, 12.5, 25, 50 and 100 µg/ml) for 48 h, each well was washed twice with phosphate-buffered saline (PBS) to remove any unabsorbed drugs. Cell proliferation was measured using an MTT assay. Briefly, 200 µl of 0.5 mg/ml MTT in Dulbecco's modified Eagle's medium was added to each well and incubated for 6 h. Formazan crystals were dissolved in 150 µl DMSO (Jerry Biotechnology, Shanghai, China) and the absorbance was measured at a wavelength of 630 nm with an enzyme-linked immunosorbent assay reader (BioRad 3550; Bio-Rad Laboratories, Hercules, CA, USA). Cell cycle progression was assessed using a flow cytometer (FACS Calibur cytometer, BD Biosciences, Franklin Lakes, NJ, USA). Briefly, cells were harvested, adjusted to a concentration of 10 6 cells/ml and were fixed with ice-cold 70% ethanol (16) . Cells were washed with PBS, incubated with 0.1 mg/ml RNase (Sigma-Aldrich) at 37˚C for 10 min and stained with 50 µg/ml of PI. Samples were analyzed by flow cytometry.
Cell morphology assay. Cells were counted and seeded into 96-well culture plates at a density of 2x10 4 cells/well. Following incubation with Cor-Ru(II) for 48 h, 75% ethanol (Shanghai Chemical Reagent Co., Ltd., Shanghai, China) was added to each well. and cells were washed twice with PBS to remove any unabsorbed drugs. Morphological changes were observed using a fluorescence microscope (DM6000B; Leica Microsystems GmbH, Wetzlar, Germany) and Hoechst 33258 (Beyotime Institute of Biotechnology, Shanghai, China) staining.
Cell apoptosis assay. Cells were counted and seeded into 6-well culture plates at a density of 1x10 6 cells/well. Following incubation with drugs for 48 h. Cell apoptosis was assessed by flow cytometry. Cells were harvested and washed twice with PBS at 4˚C, stained with 20 µl Annexin V and 20 µl propidium iodide (PI; Beyotime Institute of Biotechnology, Shanghai, China) for 10-15 min at room temperature. Samples were analyzed by flow cytometry (FACS Calibur cytometer; BD Biosciences).
Western blot analysis. Cells were harvested and lysed for 20 min in 200 µl ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5; 250 mM NaCl; 2 mM ethylenediaminetetraacetic acid; 10% glycerol; 0.1% NP-40; 0.5 mM phenylmethylsulfonyl fluoride; 10 µg/ml aprotinin; 10 µg/ml leupeptin; 1 mM NaF; 0.1 mM Na 3 VO 4 ; and 1 mM dichlorodiphenyltrichloroethane). The supernatants were obtained by centrifugation at 13,400 x g at 4˚C for 3 min. Protein content was assayed by the Bradford method (17) . Protein (30 µg)was loaded in each lane, resolved using SDS-PAGE gel electrophoresis and blotted onto a nitrocellulose membrane (Shanghai ExCell Biology, Shanghai, China). Blots were probed with specific antibodies against p53 or bcl-2, following which membranes were incubated with the rabbit anti-mouse peroxidase-conjugated second antibody (Santa Cruz Biotechnology, Inc.). Blots were treated with an enhanced chemiluminescence agent (Biorbyt, London, England) and exposed to CL-X films (Kodak, Rochester, NY, USA).
Ultraviolet (UV)-titration.
UV visible absorption spectra were measured using a UV-2550 spectrophotometer (Unico Shanghai Instruments Co., Ltd., Shanghai, China). Equal quantities of buffer were added to the control and sample and cells were exposed to the Cor-Ru(II) complex. Calf thymus (CT)-DNA (2 µl) solutions were added to the two samples and mixed. Complex-DNA solutions were incubated for 3 min prior to recording the absorption spectra. The ratio of DNA to Cor-Ru(II) complex was then increased until the absorption peak of the sample remained stable (18) . The intrinsic binding constant, K, of ruthenium(II) complex to DNA was calculated from the following equation (19): Where [DNA] is the concentration of CT-DNA (in bps), and the apparent absorption coefficients ε a , ε f and ε b correspond to A/[Ru], the absorbance for the free ruthenium complex and the absorbance for the ruthenium complex in the fully bound form, respectively. K is the equilibrium binding constant in M -1 .
Fluorescence quenching. Fluorescence quenching of EB-DNA complexes can be used to detect whether a compound has an affinity for DNA regardless of its binding mode. It measures the ability of compounds to moderate the EB fluorescence intensities in EB-DNA complex samples (20) . The EB-DNA (16/100 µM) solution was prepared and 3 ml was transferred to a colorimetric cell (Yanhui Bio, Shanghai, China). Cor-Ru(II) complex (2 µl; 1 mM) solution was added at 3-min intervals, increasing the ratio of complex to DNA until the absorption peak of the sample remained unchanged. 
Results
Effect of Cor-Ru(II) on Bel-7402 cell proliferation.
Bel-7402 cells were treated with various concentrations of Cor-Ru(II) (0, 12.5, 25, 50, 100 µg/ml) for 48 h, and cell proliferation was analyzed using an MTT assay. The results showed that Cor-Ru(II) significantly inhibited the proliferation of Bel-7402 cells induced by 10% FBS, in a dose-dependent manner ( Fig. 2A) . The rate of inhibition was ~50% when Bel-7402 cells were treated with Cor-Ru(II) at a concentration of 25 µg/ml. To further investigate the mechanisms by which Cor-Ru(II) suppresses cell proliferation, cell cycle progression in Bel-7402 cells treated with various concentrations of Cor-Ru(II) was assayed by flow cytometry. The results showed that Cor-Ru(II) significantly suppresses cell progression from G1 to S phase in a dose-dependent manner (Fig. 2B) . These findings suggest that Cor-Ru(II) inhibits cell proliferation via suppression of cell cycle progression.
Effect of Cor-Ru(II) on Bel-7402 cell morphology.
Bel-7402 cells were treated with various concentrations of Cor-Ru(II) (0, 25, 50, 100 µg/ml) for 48 h, cells were stained with Hoechst 33258 and the morphology was observed using a fluorescence microscope (Fig. 3) . The cells displayed several features consistent with apoptosis, such as cellular shrinkage, condensation and margination of the chromatin, and ruffling of the plasma membrane, which were not observed in the control group.
Effect of Cor-Ru(II) on Bel-7402 cell apoptosis.
Bel-7402 cells were treated with various concentrations of Cor-Ru(II) (0, 25, 50 and 100 µg/ml) for 48 h and cell apoptosis rates were assessed by flow cytometry (Fig. 4) . The results demonstrated 
Effect of Cor-Ru(II) on p53 and bcl-2 expression.
To further investigate the mechanisms underlying the effect of Cor-Ru(II) on cell apoptosis, the expression of p53 and bcl-2 was measured by western blot analysis, using the appropriate antibodies. Arrested Bel-7402 cells were treated with 50 µg/ml Cor-Ru(II) for 0, 24 and 48 h. The results suggested that Cor-Ru(II) markedly stimulates the expression of the tumor suppressor factor, p53, but decreases the expression of the anti-apoptotic bcl-2 protein in a dose-dependent manner (Fig. 5) . Therefore, Cor-Ru(II) stimulation of p53 and inhibition of bcl-2 may result in increased cell apoptosis and reduced cell proliferation.
DNA binding properties of Cor-Ru(II).
Use of electron absorption spectra is the most common method to investigate the interaction of transition metal complexes with biological molecules. In general, when metal complexes bind to DNA bases by the classic intercalation mode, the electron absorption produces a hypochromic effect and a red-shift effect. The degree of the hypochromic effect is closely correlated with the affinity of the complex for the DNA molecule. The interaction of Cor-Ru(II) and CT-DNA is shown in Fig. 6 .
The results showed that the electron absorption produced a marked hypochromic and red shift effect following addition of the CT-DNA solution to the Cor-Ru(II) complex solution (Fig. 6A) . The metal to ligand charge transfer transition in the spectra of the Cor-Ru(II) complex appeared as a red-shift from 479 to 484 nm, with hypochromism of 11.2%. In addition, the intraligand pi-pi * transition absorption in the spectra of the Cor-Ru(II) complex appeared as a red-shift from 290 to 291 nm, with hypochromism of 8.0% (21) .
The Cor-Ru(II) complex emits a weak fluorescent signal in Tris-HCl buffer solution. Application of the fluorescence quenching of EB-DNA can be used to measure the affinity of the complex for DNA (Fig. 6B ). There was a strong fluorescence emission from the EB-DNA solution in the range of 500-700 nm, with the highest peak of emission at 596 nm, which was excited by 370 nm ultraviolet visible light. A marked reduction in the fluorescence intensity of the EB-DNA solution was observed following addition of Cor-Ru(II) or cordycepin. These results indicate that Cor-Ru(II) or cordycepin binds competitively with DNA to release EB from the DNA molecule, which results in a reduction of the fluorescence intensity of EB-DNA (22) . According to the fluorescence intensity change of the solution with increasing concentrations of Cor-Ru(II), Kr was calculated using the Stem-Volmer equation: I 0 /I=1+Kr. The fluorescence intensity of the solution is inversely proportional to the concentration of the complex. Kr was calculated as 4.22(±0.2)x10 5 (Fig. 6B) . The binding mode of the complex with DNA was investigated using the viscosity test. In general, the double helix chain of DNA is long and the viscosity is greater when a complex binds with DNA in the intercalation mode. The results of the present study showed that the viscosity of DNA exhibited an irregular change when the Cor-Ru(II) complex bound with DNA by the electrostatic mode, and that the viscosity of DNA reduced, as a result of the drape or inflection of the DNA double helix chain when the complex bound with DNA by the groove combined mode. The viscosity of DNA increased at a constant rate with increasing concentrations of EB (Fig. 6C) . The viscosity of DNA exhibited an irregular change with increasing concentrations of [Ru(bpy) 3 ]Cl 2 . However the viscosity of DNA decreased at a constant rate with increasing concentrations of Cor-Ru(II), indicating that the complex is likely to bind with DNA in the groove combined mode.
Discussion
HCC is a primary malignancy of the liver. Each year, more than half a million people worldwide are diagnosed with this disease. Liver cancer is the fifth most common type of cancer in males and the seventh most common in females (23) . It has been shown that antineoplastic agents work by inhibiting cell proliferation and angiogenesis, amongst other things. The results of the present study showed that, Cor-Ru(II) significantly inhibited human Bel-7402 hepatoma cell proliferation and cell cycle progression.
Recent studies have demonstrated that certain small molecule drugs inhibit the growth of tumor cells by disrupting the synthesis of RNA and DNA (18) . In the current study, Cor-Ru(II) was shown to bind to DNA by the groove binding
). It was also demonstrated that this complex interfered with the synthesis of DNA, thereby inhibiting the proliferation of Bel-7402 cells.
Apoptosis and cell proliferation are linked by cell-cycle regulators and apoptotic stimuli that affect each of these processes. Apoptosis is almost present in proliferation cells (24) . The present study confirmed that Cor-Ru(II) induces cell apoptosis in Bel-7402 cells and certain mophological features of apoptosis, such as cellular shrinking, chromatin condensation and membrane blebbing were observed in these cells. p53 is one of the most commonly mutated tumor suppressors in human cancers and is involved in the cellular response to a broad array of stresses via regulation of apoptosis, cell cycle arrest, senescence, DNA repair and genetic stability. p53 participates directly in the intrinsic apoptosis pathway by interacting with the multidomain members of the Bcl-2 family in order to induce mitochondrial outer membrane permeability (25) . The anti-apoptotic bcl-2 protein is a member of the Bcl-2 family, which is important in the regulation of apoptosis (26) . The current data suggest that Cor-Ru(II) upregulates the expression of p53 and downregulates the expression of bcl-2, thereby inducing apoptosis in Bel-7402 cells. These results suggest that Cor-Ru(II) may be of use as a chemotherapeutic agent in HCC.
In conclusion, Cor-Ru(II) significantly inhibited proliferation in Bel-7402 human hepatoma cells. Cor-Ru(II) appears to interfere with DNA synthesis via its interaction with DNA by the groove surface combination mode. It led to the induction of apoptosis, at least in part, by upregulation of p53 expression and downregulation of bcl-2 expression. The present data suggest a possible molecular mechanism mediating the inhibitive effect of Cor-Ru(II) in human hepatoma cells. The results also provide further evidence that Cor-Ru(II) may be an effective agent in the treatment of cancer.
